ABSTRACT: We report that vanadium dioxide films patterned with λ/100000 nanogaps exhibit an anomalous transition behavior at millimeter wavelengths. Most of the hybrid structure's switching actions occur well below the insulator to metal transition temperature, starting from 25°C, so that the hysteresis curves completely separate themselves from their bare film counterparts. It is found that thermally excited intrinsic carriers are responsible for this behavior by introducing enough loss in the context of the radically modified electromagnetic environment in the vicinity of the nanogaps. This phenomenon newly extends the versatility of insulator to metal transition devices to encompass their semiconductor properties. KEYWORDS: Vanadium dioxide, insulator to metal transition, Boltzmann tail, nanogap, nano antenna, terahertz spectroscopy, transition device, lithography P hase transition phenomena have been one of the major issues of strongly correlated material researches. There have been a number of efforts to manipulate the transition properties of novel transition materials due to its wide potentials based on the drastic changes in optical, electronic, and structural properties.
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Vanadium dioxide starts transiting from an insulator to a metallic state at around 68°C. This transition can also be triggered by optical beams, electric fields, or external strains. 3−15 The lattice structure is transformed from monoclinic to tetragonal structures as the temperature rises, and the conductivity increases by several orders of magnitude during the transition (Figure 1a) . 16 Because the transition temperature of VO 2 is at the highest end of the roomtemperature range, there have been many approaches to lower it through doping, strain, substrates, and various fabrication techniques. 17−24 These attempts have been successful in lowering the transition temperature; however the overall modulation ranges of conductivity and optical responses suffer greatly.
In this work, we found a new approach toward engineering the apparent transition behavior in VO 2 without changing the material parameters themselves, simply by extreme nanopatterning ( Figure 1b ) tailored for millimeter wave applications. Having a semiconducting bandgap, even below the IMT temperature the number of electrons and holes keep increasing with temperature, with an exp{−([E g /(2k B T)]} (E g , bandgap energy; k B , Boltzmann constant; T, temperature (Kelvin)) dependence, although its influence to optical response is minimal. We manufactured a hybrid nanogap-VO 2 device entirely based upon this small change in dielectric constant, where the effective transition temperature is lowered by 20 degrees Celsius and the switching action starts more than 40 degrees earlier than in a bare film. Strikingly, the IMT part is not even needed for the device performance when an extreme nanogap is applied. Contrary to the chemical doping or mechanical strain modification for lowering the transition temperature in VO 2 , the overall thermal transition behavior of our hybrid film device is determined by the width of the nanogap with high modulation range enhanced by at least 1 order of magnitude than the bare film. Figure 2a displays the fabrication process of a nanogap-VO 2 hybrid structure. Our 100 nm thick VO 2 films were grown by the pulse laser deposition (PLD) method on a 430 μm thick Cplane sapphire substrate. 25 Conventional photolithography and atomic layer deposition are applied in 5 nm gap fabrication. 26 After cleaning the VO 2 film with acetone and isopropyl alcohol, a photoresist (AZ5206) is spin-coated and a UV beam is applied through a predesigned chrome mask which has a 25 μm × 25 μm square array with a 50 μm periodicity. A 250 nm thick first gold layer is evaporated and the photoresist pattern is lifted off. To improve the verticality of the structure and to remove the leftover photoresist, the structure is slightly milled by ionbeam so that the gold thickness becomes 200 nm. Though the ion-beam can in principle change the conductivity of VO 2 film, the effect is minimized in our sample because the ion beam mostly mills the tapered-edge gold layer and the leftover photoresist (Supporting Information Figure S1 ).
Once the first structure is ready, 5 nm thick Al 2 O 3 oxide thin layer is deposited on the first gold layer by atomic layer deposition (ALD). After ALD, the second gold layer is deposited on top of the Al 2 O 3 layer. In this case, there should not be any adhesion layer because the second gold layer deposited on the first gold layer has to be removed at the final stage. It is important to make discontinuity along the ring edges during the second layer deposition so that the part of the second layer deposited on the first layer can be removed. As the last process, we adopt commercial Scotch tape to peel off the part of the second layer deposited on the first surface. 26 If the taping is successful, 5 nm gaps can be formed at the edge of the 25 μm × 25 μm sized square rings ( Figure 2b) . A transmission electron microscopy (TEM) image of our final structure shows Using terahertz (THz) time domain spectroscopy, we have measured THz transmission through a bare and nanogap patterned VO 2 hybrid film at different temperatures. Shown in Figure 3a are THz transmission intensity spectra divided by the transmission intensity of bare film for our 5 nm width square ring with resonance at 0.8 THz. At the resonance frequency, the modulation range of THz transmission intensity between 25 and 93°C reaches 99% without any background signal subtraction. Though the relative transmission intensity of the nanogap patterned VO 2 film at room temperature is around 1% compared to the bare film, the modulation range is enhanced by 1 order of magnitude than the bare film so that the THz transmission can be fully switched off. Now, we plot the temperature-dependent normalized THz transmission intensities of 5 and 400 nm gap samples at the resonance frequencies to compare with a bare film sample (Figure 3b ). The 400 nm gap sample is fabricated by electron beam lithography with the same ring size and periodicity. Because of the difference of the gap width and the inside material of air versus Al 2 O 3 , the resonance frequency of the 400 nm gap sample is 1.3 THz. 27 We have normalized the maximum intensity with the minimum intensity offset to compensate the difference of absolute transmission intensities in each sample. In the heating process, THz transmission in a bare film starts to decrease around 70°C due to the IMT of VO 2.
28,29
On the contrary, when the 5 nm gap was patterned on the bare film, the THz transmission starts to decrease already from a room temperature, and the hysteresis curve is broad in the temperature range. While the film is heated, the normalized intensity essentially goes to zero at around 75°C where the IMT is still unfinished and the bare film hysteresis barely starts. Though THz transmission on a bare VO 2 film is almost the same after heating and cooling, the hysteretic behavior of 5 nm gap patterned film is maintained even in the Boltzmann range because the nanogap is extremely sensitive to the electrical conductivity changes of VO 2 film. This means that the nanogap is able to detect the very small conductivity difference of VO 2 that originated from the persistent metallic domains in the insulating state after thermal IMT. 30−32 On the other hand, a reversible transition with virtually no hysteresis can be demonstrated when the temperature variation is confined within the Boltzmann tail range of less than 60°C (Supporting Information Figure S2 ). When the gap width becomes larger, the hysteresis curve shifts more toward the bulk IMT as the 400 nm gap sample demonstrates.
When we compare the temperature derivatives of normalized transmission intensities (ΔI norm /ΔT) in heating curves, our 5 nm gap hybrid film clearly shows a transiting behavior in the full temperature range while the bare film does not (Figure 3c ). The 5 nm gap structure effectively amplifies the VO 2 functionality in that only a small variation of conductivity, which would have absolutely no effect on a bare film THz transmission, is enough to modulate the whole transmission rendering the IMT moot. The switching capability of our 5 nm gap-VO 2 hybrid film at around 30°C with no chance for the IMT, represented by the derivative ΔI norm /ΔT, is equivalent to the bare VO 2 at 65°C, where the IMT is already well on the way.
In Figure 3d , we measure the temperature-dependent electrical resistances of bare and 5 nm gap patterned VO 2 films with two indium contacts separated by 1.8 cm on each film surface. Though the resistance of 5 nm gap patterned VO 2 film before the IMT is reduced by more than 1 order of magnitude due to the deposited metal layer between the contacts, the thermal hysteresis curves of resistances show a very similar transition range while the thermal hysteresis curves of THz transmission intensities on nanogap patterned VO 2 film shows distinct transition compared with a bare film. Also, the thermal hysteresis curves of femtosecond optical pulse Nano Lett. XXXX, XXX, XXX−XXX transmission for bare and nanoslot antenna patterned VO 2 film are almost overlapped (Supporting Information Figure S3 ). These results support that the transition temperature that determines the slope of thermal resistance curve in the Boltzmann tail regime are maintained after nanogap patterning. 9 The separation of thermal hysteresis curves of THz transmission is specific in functional resonance frequency range of THz nanogap structures, where the energy funneling is significant.
To investigate the gap width dependence in THz transition behavior of nanogap-VO 2 hybrid, we fabricate rectangular slot antenna array structures with electron beam lithography and measure THz transmission signals.
8 Figure 4a represents the sample schematic and an SEM image of a 180 nm width single nanoantenna. Total area of the nanoantenna array is 2 cm × 2 cm and the length of each antenna is 150 μm. The nearest two antennas are separated by 10 μm in the length direction and 30 μm in the width direction. We compare thermal hysteresis curves of THz transmission intensities in 180 and 310 nm width slot antenna arrays patterned VO 2 film, and a bare film. We heat the samples from 30 to 100°C and cool it down back. To compare hysteresis behaviors among them in Figure 4b we plot temperaturedependent normalized THz transmission intensities at 0.4 THz, which is the resonance frequency of the 150 μm long slot antenna. We use the same normalization process as the 5 nm gap case. When the 180 nm width nanoantenna array is patterned on a bare film, the THz transmission starts to decrease from 30°C and the hysteresis curve shows much lower effective transition temperature, defined as the midpoint of the normalized intensity. The transition curve of the 310 nm width sample lies between the bare and the 180 nm width sample. This result is consistent with the ring type nanogap experiments.
As a theoretical approach, we compute temperature dependent normalized THz transmission intensities during heating process with the finite-difference time-domain (FDTD) method for a resonance frequency-equivalent single-slot antenna structure, assuming bulk dielectric constants from earlier works (Figure 4c) . 16,33−37 The hysteresis curve shift is well reproduced, including the gap width dependence. In FDTD calculation, the antenna widths vary from 2 μm to 10 nm. The FDTD results show that the transition starts in the Boltzmann tail range in nanoslot antenna array-patterned VO 2 samples despite using the same bulk VO 2 parameter; the narrower the antenna width, the lower the transition temperature.
To compare the FDTD calculation with experimental results, we measure various slot antenna width cases. The width of nanoantennas was varied between 180 nm and 5 μm with other parameters fixed. We display the gap width-dependence of the transition temperature, defined as the average of the half-point of the hysteresis curves of the heating and the cooling processes. |ΔT c | is the difference between transition temperatures of bare and nanoantenna-patterned films (Figure 4d ). Overall tendency from experiments and FDTD calculations using dielectric constants of bulk VO 2 shows clear correlations between the gap width and the transition temperature shift, including our 5 nm gap samples (half-filled red circles). This result shows that our nanogap structure can effectively modulate the thermal transition of THz transmission on VO 2 by 20 degrees.
We now compute, from the FDTD results, the effective dielectric constants of the nanoantenna array-patterned VO 2 films as a function of temperature. We assume a homogeneous medium of 100 nm thickness and back-calculate the dielectric constants that give the same amplitude-phase of the transmitted signal through the hybrid films.
38 Shown in Figure 4e are the imaginary parts of the effective dielectric constant as we vary the antenna width. In the 10 nm case, the constants are more than 2 orders of magnitude enhanced in Boltzmann tail range, so that the performance is equivalent to that of the metallic state of bare film. Our results suggest a remarkable potential to engineer the effective dielectric constants of the metal nanostructure-VO 2 composite, possibly up to the limit of the metal itself, at ambient temperatures.
For spatial analysis, we compare the vertical field profiles of a 2 μm gap (Figure 4f(i), (ii) ) and a 10 nm gap (Figure 4f(iii) , (iv)) respectively, at 31 and 75°C. In the 10 nm gap sample, the funneling field is almost completely switched off at 75°C while the transmission is still significant in the 2 μm gap, consistent with our experimental results. The transmitting THz wave experiences the conductivity changes of VO 2 much more sensitively because the nanogap structure introduces very unusual electromagnetic environment whereby the electric field is strongly enhanced where the magnetic field remains more or less the same. This new environment renormalizes the cross , and (iii) 10 nm gap/VO 2 at 31°C and (iv) 75°C.
section of the underlying VO 2 so that the imaginary part of the dielectric constant at 30°C, which could not affect the transmission through a bulk VO 2 at all, still changes THz transmission appreciably. 27, 39, 40 In conclusion, armed only with conventional photolithography and atomic layer deposition methods, we successfully fabricated negative square ring array structures of hybrid nanogap-strongly correlated systems. In a 5 nm gap-VO 2 hybrid film structure, we demonstrated a transition engineering by utilizing the Boltzmann tail of semiconducting VO 2 at an extreme subwavelength regime. Strikingly, the transmitting THz electromagnetic wave can be fully controlled before the IMT ever becomes prominent. We can engineer the onset of the apparent transition temperature by simply controlling the width of the nanogap. When we consider the generality of this phenomenon in VO 2 films (Supporting Information Figure S4 ), the transition temperature is expected to be further lowered in combination with other techniques such as doping, external strain, and substrate matching. These results will provide a wide potential in developing near room-temperature phase transition devices combined with plasmonic nanostructures.
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